
www.afm-journal.de

© 2020 Wiley-VCH GmbH2009999  (1 of 7)

Research Article

Understanding Microscopic Operating Mechanisms 
of a van der Waals Planar Ferroelectric Memristor

Matthew Gabel and Yi Gu*

Ferroelectric memristors represent a promising new generation of devices 
that have a wide range of applications in memory, digital information pro-
cessing, and neuromorphic computing. Recently, van der Waals ferroelectric 
In2Se3 with unique interlinked out-of-plane and in-plane polarizations has 
enabled multidirectional resistance switching, providing unprecedented 
flexibility in planar and vertical device integrations. However, the operating 
mechanisms of these devices have remained unclear. Here, through the 
demonstration of van der Waals In2Se3-based planar ferroelectric memris-
tors with the device resistance continuously tunable over three orders of 
magnitude, and by correlating device resistance states, ferroelectric domain 
configurations, and surface electric potential, the studies reveal that the resis-
tive switching is controlled by the multidomain formations and the associated 
energy barriers between domains, as opposed to the commonly assumed 
Schottky barrier modulations at the metal-ferroelectric interface. The findings 
reveal new device physics through elucidating the microscopic operating 
mechanisms of this new generation of devices, and provide a critical guide 
for future device development and integration efforts.
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becomes lower in general in thinner oxide 
films,[8,9] presenting a roadblock for device 
miniaturizations.

Recently, van der Waals ferroelectrics 
have emerged as potential materials of 
choice for further advancing ferroelectric 
device technologies. Robust ferroelec-
tricity in the few- and mono-layer limit 
has been demonstrated in these mate-
rials, including the group-IV monoch-
alcogenides,[10–12] CuInP2S6, WTe2, and 
MoSe2,[13–16] which is desirable for real-
izing ultrathin devices.[17–20] Further-
more, the van der Waals bonding allows 
for straightforward integration of ferro-
electrics and other materials, for example 
ferromagnets, providing opportunities 
to explore novel device concepts such as 
multiferroics.[21–24] Among newly discov-
ered van der Waals ferroelectrics, α-phase 
semiconducting In2Se3 (α-In2Se3) has 
unique interlinked out-of-plane (OOP) and 
in-plane (IP) polarizations that are sus-

tained by covalent bonding,[25–31] suggesting that the OOP polar-
ization can be switched via both external OOP and IP electric 
fields. Based on this unique concept, multidirectional devices 
such as gate-controlled switchable rectifiers[32] and planar/ 
vertically integrated devices with memristive behaviors[33] have 
been demonstrated. In these studies, the mechanism under-
lying the resistive switching was assumed, based on current–
voltage relations, to be the modulation of the metal-ferroelectric 
Schottky barrier controlled by the electric polarization reversal. 
However, previous studies[34] of ferroelectric capacitors have 
shown that the resistive switching in these types of devices 
can be due to non-ferroelectric processes (e.g., defect-related 
processes), and that current-voltage relations alone are not 
sufficient to identify ferroelectric processes as the switching 
mechanism. Furthermore, the novel van der Waals device 
designs (e.g., planar memristors) might spawn new device 
physics that is distinct from that in conventional structures.

In this work, we have fabricated planar ferroelectric memris-
tors based on van der Waals α-In2Se3; the device resistance can 
be tuned continuously over three orders of magnitude, demon
strating memristive behaviors. Through a direct correlation 
among ferroelectric domain configurations, electric potentials, 
and device resistance states, our studies reveal that the multi-
domain formation and the in-plane energy barriers between 
domains, rather than the modulation of the metal-ferroelectric 
Schottky barriers, are responsible for the resistive switching. 
These findings uncover new device physics that controls the 

1. Introduction

Ferroelectric materials, particularly oxides characterized by 
spontaneous electric polarizations that can be tuned by an 
external electric field, have found a wide range of applications 
in random-access memories,[1,2] tunneling junctions,[3] and 
field-effect transistors.[4] Recent advances include the develop-
ment of ferroelectric memristors,[5] where the device resist-
ance can be continuously controlled by external signals. Such 
devices are envisioned to enable solid-state synapses that can 
be used to mimic brain functions and to implement neuro-
morphic computing.[6] In all these applications, device min-
iaturization is a critical element. As the device dimensions 
continue to shrink, however, the depolarization field, which 
arises from the surface bound charges, becomes stronger. As a 
result, the ferroelectricity disappears below a critical thickness; 
for example, the polarization in BaTiO3 films thinner than 
≈2.4  nm is suppressed.[7] In addition, the Curie temperature 
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switching process in the next-generation ferroelectric memris-
tors, and provide an important guide for future device develop-
ment and integration efforts.

2. Results and Discussion

A monolayer α-In2Se3 consists of five covalent-bonded atomic 
layers (Se-In-Se-In-Se), as shown in Figure 1a. The OOP polari-
zation originates from the uneven spacings between the central 
Se layer and the neighboring two In layers, which break the 
centrosymmetry. The shift of the central Se layer into an equiv-
alent position (indicated by dashed circles) reverses the OOP 
polarization. Accompanying this OOP polarization, there is also 
a breaking of the in-plane centrosymmetry, resulting in an IP 
polarization.[29] The unique OOP-IP interlink allows for using 
an IP electric field to switch the OOP polarization (see also 
below). Polarized Raman spectroscopy was used to verify the 
α-phase lattice of exfoliated In2Se3 layers. Particularly, parallel- 
and perpendicular-polarized Raman spectra, where the polariza-
tion condition refers to the orientations between excitation and 
detection, were obtained from multiple locations from a single 
layer. As shown in Figure 1b, main Raman peaks corresponding 
to α-In2Se3 phonon modes can be observed; in particular, the 
peaks at ≈89, 104, and 179 cm−1 can be attributed to an A1 mode, 
a combination mode (sum of two E modes), and an A1 mode, 
respectively.[35] The intensity of these peaks decreases under 

the perpendicular-polarization condition. As such changes are 
determined by the crystal symmetry, the similar difference 
between the parallel- and perpendicular-polarization spectra 
observed at multiple locations indicates the single crystallinity 
of exfoliated layers.

To probe the ferroelectricity of α-In2Se3 layers, piezoresponse 
force microscopy (PFM) with local poling was conducted. A 
box-in-box OOP PFM phase pattern on a 45 nm thick layer exfo-
liated on a Au-coated SiO2/Si substrate, with the outer (inner) 
box area written by +12 V (−11 V) tip bias (with Au grounded), 
is shown in Figure  1c. While electrostatic effects due to pos-
sible tip-injected charges can contribute to the observed phase 
contrast, such charges dissipate typically within 0.5 h even 
in insulators (e.g., ≈1000 s in HfO2),[36] and are expected to 
have a shorter lifetime in more conducting materials such as 
semiconducting α-In2Se3. The phase patterns observed in our 
studies persisted for at least 24 h, suggesting minimal elec-
trostatic effects. We have also observed the IP piezoresponse, 
albeit rather weak, together with the OOP signal (Figure S1; 
Supporting Information). One possible reason for the weak IP 
signal, in contrast to previous studies, is that our instrument 
might not be optimized to detect IP response. Nonetheless, our 
observations, particularly the changes to the OOP polarization 
through an IP electric field (see below), support the OOP-IP 
interlink. OOP phase loops (Figure 1d), acquired from another 
layer (≈65 nm thick) exfoliated on Au, show clear hysteresis and 
≈180° flips, confirming ferroelectricity. Additional OOP phase 

Figure 1.  Structural and ferroelectric properties. a) Schematic crystal structure of α-In2Se3 with OOP and IP polarizations indicated. b) Polarized 
Raman spectra (vertically shifted for clarity) taken from three different locations on a single α-In2Se3 layer. c) OOP PFM phase image of an α-In2Se3 
layer (thickness ≈45 nm) exfoliated on Au with the outer (inner) box patterned with the 12 V (−11 V) biased AFM tip. d) OOP hysteresis phase loop 
measured from an α-In2Se3 layer (thickness ≈65 nm) exfoliated on Au.
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loops obtained from layers with various thicknesses show  
an increasing coercive voltage with increasing layer thick-
ness (Figure S2; Supporting Information), consistent with a 
constant coercive field. It is important to note that hysteresis 
loops can also be observed from layers on bare SiO2 (90 nm)/
Si with  the heavily doped Si grounded (Figure S3; Supporting 
Information); this allows us to directly probe the domain orien-
tations of our devices and correlate those with the device char-
acteristics (see also below).

Our planar memristors consist of mechanically exfoliated 
α-In2Se3 layers with bottom and top electrodes, as shown sche-
matically in Figure  2 a1 together with an atomic force micro
scopy (AFM) image shown in Figure 2 a2. The motivation for 
the asymmetric electrodes, i.e., Au (bottom) versus In (top), is 
to isolate the device response to only one electrode (i.e., Au) to 
facilitate the studies of device switching mechanisms. Particu-
larly, the top In electrode, with a low work function of ≈4.09 eV, 
is expected to always behave as an ohmic contact[37] to the 
n-type α-In2Se3 and therefore would have minimal impact on 
the memristor response upon polarization switching. On the 
other hand, the bottom Au electrode, with a large work func-
tion (≈5.4  eV), forms a Schottky contact to α-In2Se3, and, per 
the common assumption, polarization reversal would lead to 

significant changes to the Schottky barrier height and thus the 
device resistance. In addition, the bottom configuration of the 
Au electrode allows for direct access to the metal-ferroelectric 
interface region. With this electrode configuration, the electric 
field established by external biases across the device is predomi-
nantly IP with a negligible (≈1%) OOP component (Figure S4; 
Supporting Information).

With the bottom (top) electrode grounded (biased), the as-
fabricated devices exhibit two types of current–voltage (I–Vds) 
relations: rectifying and symmetric, as shown in Figure  2b,c, 
respectively. Both types of behaviors are expected as the as-exfo-
liated layers can have either up or down polarizations, leading 
to different Schottky barrier heights at the In2Se3-Au interface; 
particularly, a higher (lower) Schottky barrier corresponding to 
the rectifying (symmetric) I–Vds relation.[38] We note that, for 
the rectifying I–Vds, the negative bias to the In electrode (i.e., 
negative Vds) represents the forward bias condition with the 
larger current, consistent with the Schottky (ohmic) contact at 
the In2Se3-Au (In2Se3-In) interface as expected. Pinched I–Vds 
hysteresis loops were observed from both types of devices 
(Figure 2b,c), with each loop consisting of two round sweeps of 
Vds (i.e., +Vds, max → −Vds, max → +Vds, max → −Vds, max → +Vds, max, 
where Vds, max is the maximum Vds). Such pinched (at the origin) 

Figure 2.  Device characteristics of α-In2Se3 ferroelectric memristors. a1) Schematic device structure of α-In2Se3 memristor, with the AFM image of a 
device shown in (a2). Hysteretic |I|–Vds loops of b) rectifying and c) symmetric devices with increasing maximum Vds. d) Device resistance (R) loop 
measured at −0.6 V from a rectifying device as a function of the poling voltage (Vpol). e) Switching of the device resistance (R) measured at −1.6 V 
from a rectifying device over 20 cycles of poling.
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loops are characteristic of memristive behaviors.[5] The top 
(bottom) of the loop corresponds to the low-resistance (high-
resistance) state, i.e., LRS and HRS. As indicated by the arrows 
in Figure 2c, for the device with the symmetric I–Vds, it starts 
with LRS when the sweep begins from +Vds, max; as Vds reaches 
−Vds, max, the device is switched into HRS and maintains this 
state until Vds sweeps into the positive bias region, at which 
point the device reverts back to LRS, exhibiting two pinched 
loops in both positive and negative bias regions. Notably, the 
rectifying device shows the pinched I–Vds loop only under for-
ward bias condition (Figure  2b); i.e., the switching between 
LRS and HRS has a weak effect on the I–Vds relation under the 
reverse bias condition, where the current transport is limited 
by the metal-ferroelectric Schottky barrier. This indicates a lack 
of impact from the ferroelectric polarization reversal on the 
Schottky barrier height (see also below).

These devices demonstrate a large switching ratio between 
HRS and LRS of ≈103 at certain biases, comparable to results 
from a previous report of In2Se3 memristors[33] and larger than 
the ferroelectric tunnel junction-based memristors.[5] As In2Se3 
can exist in multiple crystalline phases,[39] it is necessary to rule 
out structural phase transitions as a possible device switching 
mechanism. We conducted spatially resolved Raman spectro
scopy on a device in LRS and HRS (Figure S5; Supporting Infor-
mation), which shows that the crystal lattice remains in the α 
phase after the switching. The memristive characteristics are 
further demonstrated in Figure 2d: the resistance (R) of a recti-
fying device, measured at Vds = −0.6 V, exhibits a hysteresis loop 
as a function of the poling voltage (Vpol) and continuously tun-
able device resistance states. We have also conducted repeated 

poling using ±20 V pulses (with a duration of 15 s), and R meas-
ured at −1.6  V shows reproducible switching (Figure  2e) with 
the positive (negative) voltage pulse converting the device into 
LRS (HRS). Additional switching of another device for 60 cycles 
is shown in Figure S6 (Supporting Information), where poling 
voltages of ±5  V with ≈1 s duration were used. The bipolar 
nature of the switching, i.e., voltage pulses with opposite polari-
ties are necessary to switching between HRS and LRS, is con-
sistent with the ferroelectric polarization reversal as the origin 
of the resistive switching. The LRS/HRS currents remain stable 
over 1000 s, as shown in Figure S7 (Supporting Information).

To gain microscopic insights into the memristive switching 
behaviors, we conducted OOP-PFM and Kelvin probe force 
microscopy (KPFM) on devices in HRS and LRS. The open 
device structure allows us to directly access the ferroelectric 
domain configurations and the surface electric potential in the 
device channel and the In2Se3-Au interface region. The I–Vds 
relations corresponding to LRS and HRS of a rectifying device 
are shown in Figure 3a,d, respectively. In LRS, the entire device 
area, including the channel region and the In2Se3-Au inter-
face, shows uniform polarization orientation (Figure  3b); i.e., 
the device is in the monodomain state. However, the contact 
potential difference (CPD) mapping reveals regions with dif-
ferent surface electric potentials. Particularly, the In2Se3-Au 
interface has a lower potential than the channel region, corre-
sponding to a higher work function in the interface than the 
channel. In light of the monodomain state, this indicates the 
presence of a Schottky barrier between In2Se3 and Au (Figure 4; 
see also below), consistent with the rectifying I–Vds relation. 
As the device is switched into HRS, ferroelectric domains with 

Figure 3.  Correlation among device resistance, ferroelectric domains, and surface potentials. |I|–Vds relation, OOP PFM phase image, and CPD 
image of a rectifying device in a–c) LRS, respectively, in blue dashed box] and d–f) HRS, respectively, in red dashed box]. The solid blue (red) lines in  
(c,f) represent the locations from which the line profiles were obtained (see Figure 4).
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different polarization orientations emerged (Figure  3e). Inter-
estingly, the polarization at the In2Se3-Au interface remains 
largely unchanged, while significant (but not uniform; see also 
below) polarization reversal can be observed in the channel 
region. Concurrent with the polarization flipping, the sur-
face electric potential increases substantially in the channel 
region, while showing little variations (and thus the Schottky 
barrier height) in the interface region (Figure  3c,f). A device 
with the symmetric I–Vds relation exhibits similar behaviors 
(Figure S8; Supporting Information). Additional experiments, 
where the top (bottom) electrode was grounded (biased), also 
show the polarization reversal in the device channel region, 
and the In2Se3-Au interface largely retains its polarization state 
(Figure S9; Supporting Information).

The lack of significant polarization reversal at the In2Se3-Au 
interface during switching is significant, as it contradicts the 
assumption of polarization flipping at the metal-ferroelec-
tric interface as the resistive switching mechanism. We con-
tribute this to the strong internal electric field associated with 
the Schottky barrier at the In2Se3-Au interface, which “locks” 
the ferroelectric polarization. On the other hand, the OOP 
polarization in the channel region is flipped by the external 

IP electric field applied to the device. The absence of polari-
zation reversal, and the lack of changes to the Schottky bar-
rier height at the In2Se3-Au interface, are consistent with the 
similar I–Vds characteristics under the reverse biases in both 
LRS and HRS (Figure 3a,d), where the reverse current is lim-
ited by the Schottky barrier height. With the device channel 
region as the switch-active element, we suggest that the change 
in the band offset between In2Se3-Au interface and the In2Se3 
channel is responsible for the LRS ↔ HRS switching. As illus-
trated in Figure  4b, in the monodomain state corresponding 
to LRS, there exists an energy barrier, EB that arises from the 
band misalignment between the interface and the channel. 
This energy barrier can be measured from the line profiles of 
the surface potentials in the interface and the channel region 
(Figure 3c). The line profiles are plotted as e∆CPD (where e is 
the fundamental charge) in Figure 4c, with the surface poten-
tial of the interface as the reference, from which EB ≈300 meV 
can be measured. This barrier impedes electron flow from 
the channel into the interface under the forward biases. As 
the device is switched into HRS, EB increases to ≈450 meV, as 
shown in Figures  3f and  4f; such an increase leads to higher 
device resistances. Assuming the thermionic emission model, 

Figure 4.  Microscopic origin of the ferroelectric switching. Schematic ferroelectric domain configurations, band alignment between domains, and 
experimentally measured difference in surface potential energy between domains of the memristor in a–c) LRS, respectively, in blue dashed box] and 
d–f) HRS, respectively, in red dashed box].
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the ratio of the forward currents in LRS and HRS, ILRS/IHRS, is 
proportional to exp(ΔEB/kT). With ΔEB ≈150 meV, ILRS/IHRS is 
≈320, which is within the range of the switching ratio we have 
observed (Figure  2b,c). In a previous study of planar In2Se3 
ferroelectric memory,[33] an apparent barrier height change 
(where the barrier was assumed to be located between In2Se3 
and Au) was determined from modeling the I–Vds curves to be 
≈100–200 meV, in agreement with our results.

We next discuss the relation between the changes in EB and 
the polarization reversal. Because of the interlinked IP-OOP 
polarizations, a change of OOP polarization in the channel 
region indicates a simultaneous IP polarization flipping. 
Opposite IP polarizations between domains result in charged 
domain walls,[40] and the surface potential variations are thus 
only expected at the domain boundaries, inconsistent with 
our observation of surface potential changes across the entire 
channel region. On the other hand, surface bound charges due 
to OOP polarization can modify the surface potentials, as illus-
trated in Figure 4a,d. Particularly, in the channel region, as the 
polarization is flipped upward, the surface charges at the upper 
surface become positive, leading to downward surface band 
bending, corresponding to a smaller work function and a larger 
EB. We note that the polarization reversal occurs across most 
of the channel region but is not entirely uniform (Figure  3e 
and Figure S8: Supporting Information). This inhomogeneity 
is consistent with and necessary to the memristive switching, 
as the continuous tunability of the device resistance requires 
a gradual evolution of ferroelectric domain configurations,[5] 
which is largely controlled by domain wall dynamics. Further 
studies are required to correlate the history of the poling voltage 
pulses, domain nucleations, and the domain wall motions to 
establish a deeper understanding of the memristive behaviors. 
On the other hand, the surface potential shows rather uniform 
distributions; we attribute this to the long-range electrostatic 
interactions, in contrast to the short-range mechanical forces in 
PFM that limit the spatial resolution of KPFM.

3. Conclusion

In summary, we demonstrate thin planar ferroelectric mem-
ristors based on van der Waals In2Se3 that exhibit continu-
ously tunable resistance states through an application of an 
IP electric field. Using correlated PFM and KPFM studies, the 
formation of energy barriers between ferroelectric domains 
has been revealed to be responsible for the device resistance 
switching. These findings establish the microscopic oper-
ating mechanisms of memristive switching in a unique van 
der Waals ferroelectric material with interlinked OOP-IP 
polarizations, critical to future development of ultrathin and 
novel memory devices for information storage and processing 
applications.

4. Experimental Section
Device Fabrication: Thin bottom electrodes (15  nm In/15  nm Au) 

were patterned through e-beam lithography and deposited on SiO2 
(90  nm)/Si Substrates (University Wafers) using a physical deposition 

system (NEXDEP from Angstrom Engineering). During deposition a 
tungsten (tungsten-coated aluminum) boat were used to hold In (Au) 
sources, respectively, with a chamber pressure of ≈1 × 10−6 Torr, and a 
≈1−2 Å s−1 deposition rate. Wafers with these bottom electrodes were 
cleaned with plasma cleaning and buffer HF (BHF) etching before thin 
α-In2Se3  layers (purchased from 2D semiconductors) were mechanically 
exfoliated. Specifically, In2Se3 crystals were first placed on a piece of 
Scotch tape and then repeatedly exfoliated using multiple layers of tape. 
These layers were transferred to a gel film (WF-60-X4 from Gel-Pak) on 
a glass slide. This slide was mounted on a manual translational stage 
under an optical microscope. Optically identified thin, uniform layers 
were then exfoliated to on top of the bottom electrodes, followed by 
BHF cleaning. E-beam lithography and thermal evaporation were used 
to define top electrodes (70 nm In/60 nm Au).

Raman Spectroscopy: Raman spectra were taken with a confocal InVia 
Raman microscope (Renishaw) using a 633 nm He–Ne laser. The laser 
was focused on the samples through a 6.5 mm working distance Nikon 
microscope objective (100 × , NA = 0.7). A laser power of ≈0.4 mW was 
used during the spectroscopic measurements. To measure the Raman 
spectra under parallel and perpendicular polarizations a linear polarizer 
and half-wave plate were inserted into the beam path directly before the 
CCD detector.

Electrical Characterizations: Current–voltage relations of fabricated 
devices were measured using a Jmicro Technology LMS 2709 probe 
station. Electrodes were biased through a Precision Source/Measure 
Unit (Keysight B2902A). To pole the device into the high- and low-
resistance states, a constant voltage of ±20 V  with 15 s duration was 
applied to the top electrode, unless otherwise noted in the text.

PFM and KPFM: Surface topography, PFM, and KPFM measurements 
were conducted in ambient air with a Bruker Multimode 8 atomic force 
microscope using a Bruker NanoScope V controller. Advanced TEC 
AFM probes with PtIr5 coating (NANOSENSORS) and a 0.7−9 N m−1 
force constant were used in all scans. During PFM measurements, the 
piezoresponse phase channel was locked in at the tip/sample resonant 
frequency of ≈270 kHz using a 500 mV AC drive amplitude. Frequency 
modulated KPFM with the dual-pass mode was used to obtain surface 
topography in the first pass and then surface potential with a lift height 
of 50 nm in the second pass.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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